Comparisons of Cd/Th and Co/Th ratios in basalt, upland sediment, and nearshore sediment, Molokai, Hawaii. The line in each plot is a compositional mixing line between alkalic and tholeiitic basalt. Labels show transect (letter) and distance from shore (number) of nearshore sites with elevated Cd/Th ratios. BA is basalt; KA is Kawela; KO is Kamalo; NS is nearshore.. Tables   Table 1. Locations 
Introduction
Large-scale vegetation removal and alteration of the land surface has increased sediment erosion and runoff to the south coast of Molokai and appears to have impacted the fringing coral reef (Jokiel and others, 2008) . Since European settlement in the 1770s, the land has been logged and used for ranching and commercial agriculture (Roberts and Field, 2008) ; however, commercial activities do not appear to have resulted in heavy-metal pollution of Molokai soil (Bothner and others, 2006; Carr and Nipper, 2008) . As industry and human populations declined, feral grazers (goats, pigs, deer) proliferated, preventing re-establishment of hillside vegetation. The loss of hillside vegetation has resulted in increased sediment runoff which, coupled with man-made impediments to alongshore flow (fishponds, the 800-m-long Kaunakakai pier), has altered nearshore sediment dynamics and increased water-column turbidity along the southsoutheast coast of Molokai (Ogston and others, 2004; Presto and others, 2006; Ogston and others, 2008) . Turbid water appears to have taken a toll on coral and their symbionts, as live coral cover declines dramatically from 80-100 percent to 0-20 percent offshore of Kawela Stream mouth (Jokiel and others, 2008; Bothner and others, 2006) , south Molokai's largest point of surface runoff (Tribble and Oki, 2008) . Identification of watersheds or regions of watersheds prone to soil erosion and runoff could help mitigation efforts target problematic areas.
Study Goals
The goals of this study were to identify geochemical tracers of terrigenous runoff (landderived soil and sediment) in sediment deposited on the eastern half of the south Molokai reef (corresponding to the region between Kamalo and Kaunakakai) and to explore whether sediment in separate watersheds or regions of watersheds had distinct geochemical signatures that would allow identification, or fingerprinting, of different sources of terrigenous runoff.
Molokai Geology and Climatology
The island of Molokai formed when two tholeiitic basalt shield volcanoes, Mauna Kea and Wailau, coalesced 1.7 -1.9 million years ago (Ma) (Stearns and MacDonald, 1947) . The two volcanoes give the island a rectangular shape with the long axis oriented east to west ( fig. 1 ). Post-shield eruptions at 1.5 Ma and 1.8 Ma capped Mauna Kea and Wailau with a 15-150 m thick layer of alkalic basalt (Stearns and MacDonald, 1947) . Alkalic basalt forms surficial deposits on hillsides of Kawela watershed and is the dominant rock type along the coastal plain between the mouths of Kamalo and Kawela streams (Oki, 1997) . Tholeiitic basalt is exposed in gulches and is the dominant rock type along the coastal plain from the mouth of Kawela stream west to the town of Kaunakakai (Oki, 1997) . Geochemical differences between alkalic and tholeiitic basalt (Stearns and MacDonald, 1947; Beeson, 1976; Clague and Beeson, 1980 ) might make it possible to distinguish soil weathered from alkalic basalt on hillsides versus sediment originating from tholeiitic basalt in gulches. Because alkalic basalts are derived from a depleted magma chamber, they are enriched in mantle-incompatible alkaline, alkaline earth, and rare-earth elements (Taylor and McLennan, 1985) .
,-./-012-3-45-. Molokai's south shore is protected from energetic winter waves (the North Pacific Swell) propagating from the north, and from southern swells and Kona-storm waves by the three islands to the south of Molokai (Field and others, 2008b; Storlazzi and others, 2008) . The combination of an elongate coastline and wave-sheltered environment contribute to the establishment of an extensive fringing coral reef on the south shore of Molokai (Storlazzi and others, 2008) . The south Molokai reef is the longest fringing reef in the main Hawaiian Islands.
Wailau (1,515 m elevation) is more than 3 times higher than Mauna Kea (434 m elevation). Because of its high elevation, Wailau receives orographic precipitation when warm, humid air masses of the trade winds ascend its slopes and condensation occurs (Stearns and MacDonald, 1947) . Mean annual precipitation at the summit of Wailau is 400 cm/yr, but much of the rainfall infiltrates porous basalt aquifers and does not constitute surface runoff. Ephemeral streams in Kawela and Kamalo Gulches provide the only inputs of land-derived runoff to the reef flat between Kamalo and Kaunakakai (Stearns and MacDonald, 1947; Oki, 1997) .
Methods
The south-southeast shore of Molokai and its watersheds were chosen as the study area due to the presence of an extensive fringing reef and high turbidity from terrigenous sediment associated with Kawela Stream.
Sediment and Rock Collection

Upland Sediment and Basalt
In the Kawela watershed, streambed sediment was collected from Kawela Stream mouth to about 2 km upstream ( fig. 1 ). In addition, two types of basalt were collected to determine whether gulch and hillside basalt were geochemically distinct. One specimen of fresh, unweathered rock was chipped from a basalt column near the base of the canyon wall in Kawela Gulch. The second specimen was chipped from hillside bedrock exposed by a road grader above the east fork of Kawela Stream. In the Kamalo watershed, streambed sediment was collected from just below the highway bridge to about 2 km upstream ( fig. 1 ).
Nearshore Sediment
Nearshore sediment was collected from the reef flat along nine cross-shore transects between the town of Kaunakakai and Kamalo Gulch ( fig. 1 ). Bottom sediment was scooped from the seabed in plastic jars at distances 50, 100, 250, 400, 550 and 700 m from the shore.
Sediment Processing
Upland and Nearshore Sediment
Sediment from eight reef-flat transects (thirty five sites; table 1) and nine upland sites was processed for elemental analyses at the U.S. Geological Survey (USGS) Geochemistry Lab in Menlo Park, California. Sediment from Transect F was not analyzed due to time constraints. Sediment was dried overnight at 60 degrees celsius, homogenized in an agate mortar and pestle, split into ~2 g aliquots, and dry-sieved to separate the fine fraction (silt and clay, <63 µm diameter). The fine fraction was used for geochemical analyses to preclude artifacts due to differences in sediment grain-size distributions among samples. Carbonate was not removed from the fine fraction prior to acid digestion. About 14 mg of fine sediment was digested in a 10 ml mixture of concentrated hydrofluoric and nitric acids in a microwave-assisted digestion system (MARS X, CEM Corp.) according to U.S. Environmental Protection Agency Method 3052. Digested solutions were evaporated to dryness on a hotplate at 180 degrees celsius, then reconstituted in 2 percent nitric acid containing a 100 parts per billion germanium (Ge) internal standard. 
Basalt rocks were sent to the USGS Analytical Chemistry Lab in Denver, Colorado, to be crushed, sieved, and analyzed. Basalt aliquots used for trace-element determinations were digested with a four-acid mixture (Briggs and Meier, 2002) . Basalt aliquots used for rare-earth and volatile-element determinations were soluablized by sintering with sodium peroxide (Meier and Slowik, 2002) .
Total-Element Analyses
Major-and trace-element contents (appendices 1 and 2) for aluminum (Al), arsenic (As), barium (Ba), calcium (Ca), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn), molybdenum (Mo), sodium (Na), nickel (Ni), lead (Pb), strontium (Sr), thorium (Th), titanium (Ti), uranium (U), vanadium (V), and zinc (Zn) of upland and nearshore sediment, were determined by magnetic sector inductively-coupled plasma mass spectrometry (ICP-MS; Thermo Finnigan Element) at the University of California at Santa Cruz Marine Analytical Laboratory. The Ge internal standard was used to correct for instrumentsensitivity drift. Marine (NIST 2702), estuarine (NIST 1646a), and stream (STSD2, STSD3) sediment reference materials and procedural blanks were processed in parallel with Molokai sediment. Linear relationships between count intensities and certified element contents were used to calculate element contents of unknown samples. Reference material STSD2 was analyzed at regular intervals to determine accuracy and precision of measurements. The accuracy of element determinations averaged 2.3 percent of certified values. Precision of measurements averaged 1.2 percent. Detection limits, calculated as three times the standard deviation of the blank, were at least three times lower than the lowest sample concentration. Sediment from 'Kawela val' had extremely high Cr, Cu, Ni, and Pb contents compared to all other upland samples (appendix 2) and was omitted from calculations and interpretations. Trace-and rare-earth element contents of basalt were determined by ICP-MS at the USGS Analytical Chemistry Lab in Denver, Colorado, and analytical performance of these methods are described in Briggs and Meier (2002) and Meier and Slowik (2002) . Major-element contents of sediment are reported as weight percent; trace-and rare-earth element contents are reported as parts per million (ppm).
Results and Discussion
There are two types of sediment on the Molokai reef flat, carbonate sediment derived from calcareous skeletons of marine organisms and land-derived terrigenous sediment weathered from basalt lava flows (Field and others, 2008a) . Bothner and others (2006) found that terrigenous sediment collected in nearshore sediment traps offshore of separate watersheds (Palaau, Kamiloloa) had distinct geochemical signatures, or fingerprints, based on Cu/Fe ratios and magnetite contents. This suggests that if geochemical fingerprints of individual watersheds or of regions of watersheds (that is, gulches versus hillsides) can be identified, it may be possible to distinguish sources of terrigenous runoff to the fringing reef.
Gulch and Hillside Basalt Compositions
The two types of basalt from Kawela Gulch and the hillside above east Kawela were expected to have the greatest geochemical difference among the upland samples. Unlike streambed sediment they were unweathered and were collected in place, so had not undergone alteration during weathering and transport. Basalt in Kawela Gulch had higher contents of major (Fe, Mg) and trace elements associated with olivine (Co, Ni), clinopyroxene (Cr, Ti), and calcic plagioclase (Ca) compared to hillside basalt above the east fork of Kawela Stream (table 2) . Copper and V were also enriched in gulch basalt. Hillside basalt, deposited during a later eruptive stage than basalt in Kawela Gulch, had higher contents of elements associated with alkali feldspar (K, Na), rare-earth elements, and Ba (table 2) . Barium, K, and U contents were more than 10 times higher in hillside basalt compared to basalt in Kawela Gulch. These geochemical differences are consistent with the occurrence of alkali basalt on the hillside above east Kawela and tholeiitic basalt in Kawela Gulch (Clague and Beeson, 1980) . 
Elements Associated with Marine Sources
Upland soil and sediment had an average Ca content of 2±1 weight percent (1σ) and ranged from 1 to 4 weight percent. The median Ca content of terrigenous material was 1 weight percent. In comparison, the Ca content of the fine fraction of nearshore sediment averaged 14±8 weight percent (1σ) and ranged from 3 to 33 weight percent. The median Ca content of bottom sediment was 12 percent. The order of magnitude higher Ca content of nearshore sediment reflects the contribution of marine carbonates to the chemical composition of nearshore sediment. Ca contents of nearshore sediment generally increased with distance offshore ( fig. 2A) , consistent with the increase in the calcium-carbonate fraction of bottom sediment (Presto and others, 2006; Field and others, 2008a) . Sr and U were strongly correlated with Ca in nearshore sediment, r=0.99 and r=0.71, respectively (for example, fig. 3A ). Sr and U are readily incorporated into coral aragonite (Dodd, 1967; Milliman, 1974) , and as a result, their nearshore distributions co-vary with that of carbonate sediment. Nearshore sediment contained small amounts of sea salt that could have influenced Na and Mg contents of nearshore sediment. The lack of strong correlations between Na or Mg and any other element suggests this was indeed the case. Ca, Mg, Na, Sr, and U contents of nearshore sediment were not indicative of terrigenous inputs and will not be discussed further.
Terrigenous-Sediment Tracers
Aluminum and Fe are major components of basalt and red basaltic soil of Molokai (Beeson, 1976; Xu and others, 2005) and are therefore good tracers of terrigenous sediment in coral reef environments. The Al and Fe contents of nearshore sediment generally decreased with distance from the coast, consistent with their terrigenous origin ( fig. 2B, C) . Iron contents of sediment collected east of Kawela Stream were lower than those collected to the west and directly offshore of Kawela. Sediment offshore of Kamalo Stream (Line A) had the lowest average Fe content, while that offshore of the town of Kaunakakai (Line I) had the highest. Many trace metals in nearshore sediment were strongly correlated with Fe (r>0.7)-Cd, Cr, Mo, Ni, and Zn (for example, fig. 3B ), as were major elements Mn and Ti (r>0.9; for example, fig. 3C ), suggesting their association with ferromagnesian minerals. Al is indicative of aluminosilicate and clay minerals (Windom and others, 1989) . Unlike Fe, sedimentary Al contents showed no clear eastto-west pattern. Elements strongly correlated with Al (r>0.7) included Ba, Cd, and Th (for example, fig. 3D ). Since Al contents of basalt were not quantified by the Denver Analytical Chemistry Lab, Th is used as the basis for comparison among upland and nearshore material. Th was chosen as a proxy for Al because the correlation coefficient between Al and Th in nearshore sediment was r=0.92, and Th is relatively immobile in sediment during weathering and transport (McLennan and others, 1990; Condie, 1993; Fralick and Kronberg, 1997) . Ba (r=0.96) and Cd (r=0.85) were strongly correlated with Th in nearshore sediment.
Sediment Provenance and Alongshore Mixing
Previous studies of Molokai basalt geochemistry found that Cu contents varied erratically with stratigraphic position, that is, across eruptive sequences (Clague and Beeson, 1980) . It is perhaps this characteristic that gives separate watersheds distinct Cu/Fe signatures. Distinct Cu/Fe ratios offshore of geographically separate regions of the south Molokai shore (Bothner and others, 2006 ) support this notion. Copper is mobilized from parent rocks during weathering and becomes strongly bound to organic matter in soil (Teutsch and others, 1999) . Our analytical procedure does not allow us to distinguish between Cu bound to organic matter and Cu in crystalline phases (minerals); however, Cu was strongly correlated (r>0.7) with relatively immobile ferromagnesian trace elements (Co, Cr, and Ni) in nearshore sediment, suggesting that a large fraction of Cu was incorporated in mineral grains. KA is Kawela; KO is Kamalo; NS is nearshore.
Kawela and Western Transects (Lines G-I)
There was more than an order of magnitude difference in Cu contents of gulch (tholeiitic) and hillside (alkalic) basalt (fig. 4) . Kawela streambed sediment, with an average Cu content of 22 ppm, was more similar to hillside basalt (8 ppm) than to tholeiitic basalt in canyon walls (118 ppm), suggesting that Kawela Stream sediment may have originated on hillsides above the gulch. The average Cu/Fe ratio in the western-most part of the study area (Lines G-I), 1.5-1.8±0.4 x 10 -4 (1σ), was not significantly different from the average ratio of hillside basalt and Kawela streambed sediment, 1.7±0.4 x 10 -4 (1σ), suggesting that terrigenous sediment in the western part of the study area originated on hillsides in the Kawela watershed, was transported to the nearshore in Kawela Stream, and across the reef flat by westward alongshore flow (Ogston and others, 2004; Presto and others, 2006) . It is less likely that terrigenous sediment in the western part of the study area originated from a local upland source because modern downslope sediment transport into the nearshore is not straightforward. King Kamehameha highway and beach-front residences have all but eliminated connectivity between uplands and the nearshore between Kaunakakai and Kawela. KA is Kawela; KO is Kamalo; NS is nearshore.
Kamalo and the Eastern Transect (Line A)
The average Cu/Fe ratio of sediment near the highway bridge over Kamalo Stream, 6.1±0.4 x 10 -4 (1σ, n = 2), was distinct from that of sediment 2 km upstream, 3.3±0.1 x 10 -4 (1σ, n=2). The average Cu/Fe ratio along Line A, 5.7±0.8 x 10 -4 , was similar to that near the highway bridge and about three times higher than that in nearshore sediment west of Kamalo (fig. 4) . The similarity of Cu/Fe ratios in Line A and Kamalo sediment suggests that Kamalo watershed was the source of sediment to the reef flat near Kamahuehue (Line A). Average Cu/Fe ratios were significantly different along Lines B-C compared to Line A, however, suggesting weak mixing just a few kilometers to the west. This is surprising given the prevalence of northeast trade winds and westward alongshore flow over the reef flat (Ogston and others, 2004; Presto and others, 2006; Ogston and others, 2008) . If there is indeed a discontinuity in alongshore flow downstream of Kamahuehue, it could be related to the change in coastline orientation at Kamalo. Kamalo is the southern-most point of Molokai and the coastline trends about 70 degrees from true north on the east and about 110 from true north on the west. As a result, the reef flat directly west of Kamalo (in the vicinity of Lines B and C) is protected from the trade winds (Storlazzi and others, 2008) and could experience less vigorous wind-driven alongshore transport than in the region beyond the wind shadow. Furthermore, if trade wind-driven transport is directed to the west or southwest, as predicted by Ogston and others (2008) , suspended sediment from Kamalo Stream would be advected toward the outer portion of the reef flat at Lines B and C.
Sediment Transport to the Outer Reef-Flat
Evidence from another suite of geochemical tracers (Cd, Co, Th) lends support to the notion that suspended sediment transported west from Kamalo could be deposited on the adjacent outer reef flat. Th and Co are relatively resistant to weathering and should reflect parent rock compositions (McLennan and Taylor, 1980; Vital, Stattegger, and Garbe-Schonberg, 1999) . Cd was likely associated with aluminosilicate minerals since it was strongly correlated with Th. Most nearshore sediment had Th-normalized Cd and Co contents that fell along a mixing line between alkalic and tholeiitic basalt ( fig. 5 ). However, sediment on the mid-to outer-reef flat (400-700 m from shore) along Lines A-C had high Cd/Th ratios relative to the mixing line. Sediment at A050 was an exception to this pattern, and it has a composition similar to sediment at the mouth of Kamalo Stream. The surficial geology from Kamalo to Halawa (the easternmost point of Molokai) consists of relatively little alkalic basalt (Oki, 1997) , which could explain why sediment originating in or east of Kamalo might have higher Cd and Co contents. Elevated Cd/Th ratios in Kamalo Stream sediment are consistent with a more tholeiitic composition than Kawela sediment ( fig. 5 ). We did not evaluate whether the Th-scavenging efficiencies differed along Lines A-C compared to the rest of the study area because such determinations were beyond the scope of this study.
Summary
Chemical compositions of basalt, upland soil, and nearshore sediment were measured along the south-southeast shore of Molokai, Hawaii, to determine whether geochemical tracers of terrigenous runoff could be identified in nearshore sediment and to explore whether separate watersheds or regions of watersheds had distinct geochemical signatures, or fingerprints, that would allow determination of runoff provenance. The elements Mg, Na, Sr, and U were strongly influenced by a large marine source (in the form of biogenic calcium carbonate or sea salt), and were not useful geochemical tracers of terrigenous inputs to the south Molokai reef flat. Fe and elements associated with ferromagnesian minerals (Mn, Ti, Cr, Mo, Ni, and Zn), and Al and elements associated with aluminosilicate minerals (Ba, Cd, Th) were robust tracers of terrigenous inputs to the nearshore. Sedimentary Cu/Fe ratios showed that the hillsides over Kawela Gulch were the main source of sediment runoff to the reef flat. Identification of runoff sources can help erosion-mitigation projects target problematic areas of watersheds. Sedimentary Cd/Th ratios suggest terrigenous sediment on the outer reef flat in the eastern part of the study area originated to the east of Kamalo Gulch. This sediment could have been transported into the study area by westward alongshore currents (Ogston and others, 2004; Presto others, 2006; Ogston and others, 2008) .
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